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ABSTRACT. The antiinflammatory drug ebselen (2-phenyl-1,2-benzisoselenazo-3(2H)-one) is known to bind
covalently to thiols to form seleno disulfides that, directly or indirectly, are responsible for its pharmacological
effects. Due to its reactive thiol group and high plasma concentration, albumin is a preferred target of ebselen,
which it binds covalently. Ebselen should not, then, be available for intracellular actions at other target proteins.
We have addressed this question, and show by difference spectroscopy that the interaction of ebselen with
albumin occurs stoichiometrically under ring opening, but is readily reversible in the presence of glutathione.
With intact human polymorphonuclear leukocytes (PMN), a similar stoichiometric reaction with distinct
spectral features was observed with ebselen that was completely abolished by pretreatment of PMN with
N-ethylmaleimide, but not by selective depletion of cellular glutathione. Human platelets, again, exhi-
bited different spectral changes upon addition of ebselen. In agreement with results reported in the literature,
we show that "*C-ebselen is in dynamic equilibrium with all accessible thiol groups and, hence, despite mostly
being bound covalently to albumin, it will exchange rapidly with other target proteins in PMN or platelets.
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Ebselen has been developed as a drug with antiinflamma-
tory actions that have been related to a surprisingly high
number of physiological targets in the organism. Its main
function may be that of a glutathione peroxidase mimic
[1-3], but many other pharmacological and biological ef-
fects have also been reported [4-7]. Invariably, the seleni-
um atom, as a center for nucleophilic attack and of unusual
redox chemistry, has been suggested to be involved in all
reactions. On the other hand, it was puzzling to observe
such activities because intracellularly GSH,T as a strong
nucleophile, will react rapidly and quantitatively with eb-
selen [8] and will be the preferred target in plasma albumin,
leading to a tight binding of ebselen to the thiol groups of
albumin [9, 10) For its intracellular action, the problem was
solved by the finding that the primary reaction product,
ebselen selenodisulfide, can be reduced by a second GSH
molecule to yield selenol. By analogy to the enzymatic
mechanism of GSH peroxidase, selenol is an excellent re-
ductant for peroxides and the selenic acid product can be
cycled back to the selenodisulfide through the action of
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GSH [1]. This establishes an efficient peroxidase-mimetic
cycle within the cells. Less clear was the pathway by which
ebselen entered the cells from the blood. Therapeutically
active concentrations require ebselen blood levels above 2
mM, of which more than 90% is bound to albumin. In a
recent study, Wagner et al. [10] presented evidence that
1C-ebselen from the albumin-adduct was transferred to
intracellular proteins of hepatocytes. An active role of
membrane-bound thiol groups was proposed because the
transfer through a dialysis membrane required the presence
of reductants like GSH or mercaptoethanol. Because PMN
are the most likely targets for the antiinflammatory action
of ebselen and the chemical nature of the adducts was not
yet clarified, we concentrated on these aspects of the mo-
lecular pharmacology of ebselen.

MATERIALS AND METHODS
Materials

Ebselen was kindly provided by Rhone-Poulenc-Rorer
(Paris, France) and '*C-ebselen (1850 MBg/mmol) was syn-
thesized according to the literature with '*C-labeled
2-methylseleno benzoic acid as the starting material, for
which we are grateful to Dr. N. Dereu (Rhone-Poulenc-
Rorer, Paris, France) [11]. Albumin (delipidated), N-
ethylmaleimide, dinitrochlorobenzene, and glutathione
were obtained commercially in the highest purity available.
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Blood Fractions

Blood (200 mL) from healthy volunteers was collected in
0.38% citrate solution and platelet-rich plasma was pre-
pared as described [12]. Washed platelets [13] and PMN
[14] were isolated as previously described.

Difference Spectroscopy

Difference spectra were recorded in 10-mm tandem cu-
vettes of 1 mL volume by means of an Aminco-Chance
DW-2 double beam spectrometer. A single recording re-
quired no more than 2 min. The spectra were digitized and
processed by a home-built PC-based device. A stock solu-
tion of 10 mM ebselen in ethanol was used.

Equilibrium Dialysis

Dialysis was carried out at room temperature in a polyeth-
ylene block with 5 double chambers of 500 pl each, with
a separating Visking Type 20/32 membrane (Serva, Heidel-
berg/New York). Each cell could be loaded by a syringe and
the content was withdrawn after the end of the experiments
for radioactivity counting in a PW4700 Philips B-counter.

Purification of Ebselen-Bound Albumin

Albumin (50 mg) was incubated in 1.5 mL of water with
1.6 wmol of [**Cl-ebselen [3 MBq] dissolved in 50 uL of
ethanol. After stirring for 30 min, the mixture was chro-
matographed on a Sephadex G10 column and the albumin
fraction collected. It contained 0.61 mol ebselen/mol albu-
min and was stored at —70°C.

RESULTS

Ebselen exhibits an absorption band in the uv at 346 nm,
which permits determination of its spectral interaction with
albumin (Fig. 1). In this difference spectrum, a decrease at
346 nm occurred concomitantly with the formation of a
band at 297 nm and a shoulder at 257 nm. The titration
curve showed saturation at 77 pM and, because the albu-
min concentration was 150 wM, about half of the albumin
must have reacted. Albumin in the presence of NEM did
not give any spectral change, indicating that the SH-group
of albumin was involved and that, in our preparation, about
half of these thiol groups were already modified.

A comparison of the difference spectra of ebselen with
GSH qualitatively confirms the blueshift upon reaction
with a thiol group but also indicates that, with albumin, an
additional decrease at 275 nm occurs that is in the range of
the aromatic aminoacids. This may indicate that ebselen
also reacts with other protein groups. The lack of an isos-
bestic point supports the assumption of additional reac-
tions, but it should also be kept in mind that a slow con-
version to ebselen diselenide will change the difference
spectra further [15].

An important aspect in the aim of this study was the
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FIG. 1. Difference spectra of bovine serum albumin with
ebselen. To 10 mg albumin/mL in 0.1 M Tris HCI pH 7.4,
increasing concentrations of ebselen (1-5 = 10-50 pM; 6 =
75 pM; 7 = 100 pM; 8 = 150 pM) were added with corre-
sponding amounts of ethanol to the albumin compartment
of the reference cuvette; ebselen was added to the second
compartment of the reference cuvette. A typical experiment
out of three. Additions were made in 2-min time intervals.

affinities of ebselen towards GSH and protein thiol groups
when present together. With 107 M GSH and 0.75 x 107*
M albumin, the difference spectrum in Fig. 2 was observed,
indicating that the affinity of ebselen to GSH was higher
than that to albumin (results not shown). Human plasma at
a 1:10 dilution upon titration with ebselen qualitatively
gave the same spectral change up to about 107* M ebselen
(results not shown).

Because we intended to study ebselen binding in a
plasma-PMN system, we also determined the spectral
changes when ebselen was incubated with isolated human
PMN (Fig. 3). Although qualitatively similar to the ebselen
difference spectra with GSH and albumin, two differences
can be observed. First, the isosbestic point shifted from 319
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FIG. 2. Spectral interaction of ebselen with glutathione. To
a concentration of 100 pM GSH, increasing amounts (1-5 =
10-50 pM; 6 = 15 pM; 7 = 100 pM; 8 = 200 pM; 9 = 300 pM)
of ebselen were added, with corresponding amounts of etha-
nol and ebselen added to the reference tandem cuvette. Ad-
ditions were made in 2-min time intervals.



Ebselen-thiol Binding Equilibria

17

Absorbance e

275

] Wavelength (nm) =

FIG. 3. Ebselen-induced difference spectra with human
PMN. To a suspension of 10° PMN/mL in PBS-buffer, 20—
100 uM of ebselen (in ethanol) was added and the difference
spectra recorded immediately (<1 min).

to 334 nm, and the trough at 275 nm was much less pro-
nounced, as with albumin, but definitely not absent as ob-
served with GSH alone. As a control, PMN were treated
with NEM under conditions that allowed a complete al-
kylation of the thiol groups of GSH and proteins (Fig. 4).
As expected, no difference spectrum remained. However, if
PMN were treated with chlorodinitrobenzene to deplete
only intracellular GSH by the action of GSH transferase, a
difference spectrum with an isosbestic point at 334 nm and
a band at 295 nm was still formed. In a control experiment
with the same concentrations, no spectral change was ob-
served with CDNB and ebselen alone.

Because human platelets are also targets of ebselen in
plasma, we applied the difference spectroscopy to ebselen
and washed human platelets (Fig. 5).

Showing a clear isosbestic point at 313 nm, an absorption
band appeared at 294 nm with a very pronounced trough at
around 328 nm. This trough had the shape of the absorp-
tion band of ebselen, which would indicate that ebselen was
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FIG. 4. Effect of SH reagents on ebselen-induced difference
spectra in human PMN. PMN (10%/mL) were pretreated
with NEM (1 mM) and CDNB (10 pM solid lines) for 1 hr
and the difference spectra with ebselen of curves 1 (50 pM),
2 (100 pM), and 3 (200 pM) were recorded.
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FIG. 5. Difference spectra of ebselen with human platelets.
Washed human platelets (OD 1-1.5) were suspended in
PBS buffer and 10-50 pM (curve 1-5), 75 pM (curve 6),
and 100 pM ebselen were added.

forming a compound with platelet constituents that absorbs
at very different wavelengths from those of ebselen and has
no significant absorption around 300 nm.

Binding and Equilibria Studies

For these studies, 1*C-labeled ebselen was synthesized as
described in the literature [11]. In a first experiment, *C-
ebselen was dialyzed against albumin and the curves de-
picted in Fig. 6 were obtained.

In the initial first-order reaction with T, n= 1.5 hr, bind-
ing of ebselen to albumin occurred until about 30% of the
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FIG. 6. Dialysis of '*C-ebselen against bovine serum albu-
min. In chamber A, the decreasing concentration of added

'#C-ebselen with time was monitored by a B-counter with
corresponding measurements in chamber B.
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albumin was occupied on a molar basis. At least part of the
label was covalently bound because, on a non-reducing gel,
the radioactivity present in chamber B could be found at 69
kD (result not shown).

If this albumin fraction was passed over a G25 Sephadex
column and then dialyzed against the same concentration
of albumin, a slow exchange of ['*C] ebselen was observed;
however, this was greatly increased in the presence of 0.5
mM glutathione (Fig. 7). This effect on GSH was concen-
tration-dependent.

Because this finding is in agreement with other reports in
the literature [10], we did not extend these experiments
further with regard to GSH concentrations and other thiol
reductants. It was interesting to note, however, that in
contrast to these reports, we observed dialysis even in the
absence of any low-molecular-weight thiols and that this
transfer continued with about the same kinetics after GSH
had acted. As a simpler explanation, some portion of *C-
ebselen may have been bound noncovalently, with its ex-
change being unaffected by GSH addition.

When albumin-bound ebselen, in the absence of GSH,
was dialyzed against human PMN for 12 hr, only negligible
amounts (less than 5%) were found in the PMN. Addition
of GSH increased this amount severalfold in agreement
with the previous results. Assuming an average volume per
PMN of 3 x 1071 L, then 107 PMN cells represent an
intracellular volume of 3 x 107® L. From the amount of
14C.ebselen bound to the PMN, this would correspond to a
concentration of 43 pM whereas, in the outside medium,
about 1.8 uM were measured. Hence, an enrichment of
more than 20-fold had taken place. In a final experiment,
whole blood was used, to which *C-ebselen was added, and
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FIG. 7. Dialysis of 1*C-albumin-bound ebselen against PBS-
buffer with and without glutathione. **C-ebselen was bound
to BSA and purified as described in Methods. Dialysis was
carried out over the time indicated at room temperature in
the absence and presence of 0.5 mM glutathione.
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its concentration in PMN was measured. Using 13.5 mL of
freshly drawn human blood and 5238 nmol of *C-ebselen
(27 x 10° dpm), the PMN fraction was isolated and
counted for radioactivity. The serum fraction was applied to
SDS-gel electrophoresis. Using a volume of 3 x 1071 L per
PMN and a yield of 1.9 x 107 PMN a volume of 5.7 x 107°
L of PMN was obtained, for which a cellular concentration
of 5.1 x 107 M ebselen was calculated. Because the overall
concentration of ebselen in whole blood was 3.88 x 107*
M, it is obvious that the plasma plus erythrocyte binding
competes well with that of PMN, which is understandable
when one calculates that 11.7 pmol of albumin were pres-
ent compared to the 5.2 wmol ebselen employed. After
SDS-electrophoresis, radioactivity comigrated with albu-
min (results not shown).

DISCUSSION

Qur result, of albumin binding of ebselen, confirmed pub-
lished data and can explain the unusual pharmacokinetic
behavior of this antiinflammatory drug. We verified that
the binding must be covalent, at least in part, because the
14C-labeled drug would otherwise not have been migrated
with the protein on SDS-gel. Glutathione is able to catalyze
an exchange of this covalently bound ebselen, which is
consistent with the formation of a mixed selenodisulfide at
the thiol group of albumin and its transthiolation to GSH,
forming the ebselen selenodisulfide with glutathione. Also,
the spectral data support an opening of the heterocyclic
ring of ebselen with its absorption band around 346 nm and
the formation of benzanilide derivatives absorbing between
270 and 300 nm, depending on the thiol compound. Char-
acteristic of the albumin-ebselen difference spectrum, com-
pared to that with glutathione, was a deflection at 275 nm.

Whether or not this is related to changes in aromatic
amino acids of the protein or in ebselen itself was not
further investigated. From our kinetic data, in addition to
the GSH-sensitive binding, one can observe a pool of *C-
ebselen that exchanges slowly and is independent of added
GSH. There may even be a third portion that is tightly
bound and not exchangeable, which could be identical to
the guanidinium cyanate-sensitive binding reported by
Wagner et al. [10].

Our results show that a spectral interaction of ebselen
with intact human PMN is qualitatively different from that
with albumin. All of it is thiol-dependent because pretreat-
ment with NEM abolished the complete difference spec-
trum. Depleting the cells from GSH still allows the forma-
tion of a spectrum that has a red-shifted isosbestic point
compared to albumin. It is remarkable that human platelets
exhibit a different spectral interaction.

It was the main objective of this work to explain the
distribution of a given dose of ebselen within the body. In
the crucial experiment with a therapeutically effective dose
in whole blood, we observed binding to albumin as well as
to PMN. Although the full binding capacity of albumin and
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the other extracellular proteins was not reached, ebselen
was present in PMNs in sufficient concentrations to exert
the inhibitory effects described in the literature. In whole
blood, more than 10™* M concentrations of total thiol com-
pounds were present, allowing a dynamic equilibrium of
ebselen with all thiol groups in the system. The in vitro
experiment with *C-labeled ebselen bound to albumin,
and its exchange through a dialysis membrane into PMN in
the presence of GSH, supports this assumption. If albumin-
bound ebselen is in direct contact with PMN the label is
transferred to PMN-proteins, which is in agreement with
the finding of Wagner et al. [10] with hepatocytes. They
suggested an equilibrium involving thiol groups of plasma
membrane-bound proteins facilitating the kinetics of this
process.

Thus, the apparently complex kinetic behavior of eb-
selen can be fully understood by assuming fast equilibria
between all thiol-containing constituents of the system.
The amount of drug present in one pool is dependent on
the capacity of the pool and its affinity to ebselen. The
latter, certainly, is a function of the nucleophilic character
of a thiol and its stereochemistry. Hence, target proteins for
ebselen may possess more acidic thiol groups and/or envi-
ronments that accommodate the ebselen molecule in an
appropriate crevice of the protein with additional binding
forces (e.g. hydrophobic pockets and hydrogen bonding be-
tween the benzanilide and peptide bonds) for the ebselen
molecule. Such thiol regions in proteins are not unusual,
and this may explain the plethora of targets that have been
shown or proposed for ebselen. The scheme below summa-

Blood +RSH,GSH
RS-Ebselen Ebselen Alb-S-Ebselen
moderate alflnity‘\_/ ‘\_/ low aftfinity
low capaclty +RSH +Albumin-SH high capacity
Cell +GSH,+ROOH | +GSH
GS-Ebselen Ebselen Target-S-Ebselen

moderate cfﬁni(y\_/

high capacity +GSH +Target-SH

\_/nigh affinity

low capacity
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rizes the finding of how ebselen, in spite of its covalent
binding to plasma proteins, can reach its target proteins.
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